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Introduction
All species with separate sexes face a common challenge: distinct male and female phenotypes must be produced from an underlying genome that is almost entirely shared between the sexes. This genomic constraint is expected to hinder the independent evolution of males and females toward their respective phenotypic optima, thereby reducing the fitness of populations in a phenomenon known as intralocus sexual conflict (Rice and Chippindale 2001; Bonduriansky and Chenoweth 2009; Cox and Calsbeek 2009) . From the perspective of quantitative genetics, the resolution of this genomic conflict is predicted to occur through gradual evolutionary reductions in the between-sex genetic correlations (r mf ) for shared phenotypic traits (Lande 1980 (Lande , 1987 Fairbairn and Roff 2006) . Consistent with theory, the magnitude of r mf negatively correlates with the degree of sexual dimorphism across diverse traits and species (Poissant et al. 2010) , and artificial selection against between-sex genetic covariance can reduce r mf within a few generations (Delph et al. 2011) . However, translating mathematical descriptors such as r mf into mechanistic explanations of how genetic correlations are structured and how they evolve at the molecular level remains an outstanding challenge in evolutionary genetics (Badyaev 2002; Bonduriansky and Rowe 2005; Fairbairn and Roff 2006; Stocks et al. 2015) .
The evolution of sexual dimorphism and corresponding resolution of intralocus sexual conflict can be facilitated by a variety of genetic mechanisms, including sex linkage (van Doorn and Kirkpatrick 2007; Roberts et al. 2009 ), sexspecific transcript splicing (Stewart et al. 2010; Kijimoto et al. 2012) , genomic imprinting (Day and Bonduriansky 2004; Bonduriansky 2007) , and gene duplication (Connallon and Clark 2011; Gallach and Betrán 2011) . Given that the majority of genes typically reside on autosomes, sex-biased expression of these shared genes is predicted to be a mechanism of general importance in the resolution of sexual conflict (Ellegren and Parsch 2007; Mank 2009; Innocenti and Morrow 2010; Mank et al. 2010; Ingleby et al. 2015; Grath and Parsch 2016) . Several studies hint that the degree of sex-biased gene expression is associated with the magnitude of sexual dimorphism (Pointer et al. 2013; Harrison et al. 2015) and of sexual conflict (Hollis et al. 2014) . Moreover, genes with sex-biased expression tend to have lower correlations between male and female expression levels when measured across populations or species (Dean and Mank 2016) and lower r mf for expression when measured within populations (Griffin et al. 2013) . However, the extent to which sex differences in gene expression contribute to the reduction of r mf for sexually dimorphic phenotypes is not known (Badyaev 2002) .
Insight into the relationship between sex-biased gene expression and r mf for sexually dimorphic phenotypes may be gained by tracing their concomitant developmental trajectories within a single population. A meta-analysis of data from a variety of taxa indicates that r mf tends to decrease throughout ontogeny as sexual dimorphism develops (Poissant and Coltman 2009), though most of the studies reviewed therein measured r mf at only two or three ontogenetic stages and were conducted in aquacultural, agricultural, or medical frameworks with limited consideration of evolutionary theory (but see Parker and Garant 2005) . A separate body of work indicates that sex-biased gene expression tends to increase as ontogeny progresses (Mank et al. 2010; Magnusson et al. 2011; Zhao et al. 2011; Ingleby et al. 2015) , suggesting that ontogenetic reductions in r mf may be driven by developmental increases in sex-biased gene expression. However, studies of the ontogeny of r mf and of sex-biased gene expression have yet to be conducted across the same developmental trajectory in the same species. Moreover, most ontogenetic studies of sex-biased gene expression have focused on broad transcriptional patterns with limited consideration of underlying mechanistic pathways and their potential links to sexually dimorphic phenotypes. This lack of information on the underlying mechanism and on concurrent ontogenetic changes in both r mf and sexbiased gene expression within a single system represents a gap in our ability to synthesize quantitative genetic and transcriptomic perspectives on the evolution of sexual dimorphism.
Identifying the functional pathways that become sex biased during ontogeny not only helps to link expression phenotypes to organismal phenotypes for which r mf is characterized but can also facilitate direct tests of mechanisms that coordinate sex-biased expression of genes and phenotypes. In vertebrates, many of the developmental changes in sex-biased gene expression that are hypothesized to reduce r mf may be coordinated by epigenetic modifiers such as sex steroids (van Nas et al. 2009 ), which are produced by the sexually differentiated gonads and then circulated to diverse target tissues to bind nuclear receptors and alter transcription. As such, sex steroids may often facilitate the resolution of intralocus sexual conflict by mediating the sexspecific expression of shared genes Mokkonen et al. 2012; Peterson et al. 2013 Peterson et al. , 2014 . The basic elements of this idea were laid out by Fisher (1930) , who proposed that the "internal secretions of the sexual glands" (i.e., sex steroids) should lead to increasingly sex-specific patterns of genetic variance as ontogeny progresses. Despite increasing focus on the ontogeny of sex-biased gene expression (Mank et al. 2010; Perry et al. 2014; Ingleby et al. 2015; Grath and Parsch 2016) and ontogenetic changes in the quantitative-genetic architecture underlying sexual dimorphism (Badyaev 2002; Parker and Garant 2005; Poissant and Coltman 2009; Chou et al. 2016) , we still know relatively little about how sex steroids fit into this picture (Mank 2007; van Nas et al. 2009; Peterson et al. 2013 Peterson et al. , 2014 . By contrast, we know a great deal about how these hormones shape the development of phenotypic sexual dimorphism, particularly in the focal species for this study, where testosterone is known to induce male-like patterns of growth, metabolism, energetics, and ornamentation in juvenile females (Cox et al. 2015) .
In this study, we combine quantitative genetic analyses, transcriptomics, and hormone manipulations to provide an integrative perspective on the ontogeny of sexual size dimorphism in the brown anole, Anolis sagrei. This small lizard exhibits extreme male-biased sexual size dimorphism that develops gradually over ontogeny, and it has been the focus of extensive research on intralocus sexual conflict (Calsbeek and Bonneaud 2008; Calsbeek 2010a, 2010b) . First, we test whether sexual size dimorphism in A. sagrei is associated with a reduction in r mf for body size and whether r mf decreases as sexual dimorphism develops during ontogeny. In doing this, we develop the most ontogenetically detailed characterization of r mf and its underlying components of within-and between-sex genetic variance and covariance to date and then use these data to identify appropriate ontogenetic stages at which to test for associated changes in sexbiased gene expression. We next analyze transcriptomes from the liver (which integrates growth and metabolism) at two stages bracketing the decline of r mf to test whether genome-wide patterns of sex-biased gene expression increase as r mf breaks down and whether ontogenetic increases in sex-biased gene expression are particularly evident for genes and pathways involved in growth, metabolism, and cell proliferation. Last, to determine the extent to which these ontogenetic changes in sex-biased gene expression are mediated by sex-specific endocrine modifiers, we treat juvenile females with testosterone to test whether this hormone pleiotropically induces patterns of gene expression that are characteristic of males during sexual divergence in growth, gene expression, and genetic architecture. Our results reveal pronounced ontogenetic increases in the sex-biased expres-sion of growth-regulatory genes that accompany the reduction of r mf and suggest that these changes, many of which are inducible by testosterone, may help to break down the underlying genetic correlations that would otherwise constrain the independent evolution of males and females.
Methods

Breeding Design and Phenotypes
We collected Anolis sagrei adults from Great Exuma, the Bahamas (23729 0 N, 75745 0 W), and transported them to the University of Virginia. We housed each adult individually in its own plastic cage (males: 40 cm # 23 cm # 32 cm; females: 30 cm # 20 cm # 20 cm; Lee's Kritter Keeper, San Marcos, CA) containing a carpet substrate, a potted plant for oviposition, a section of PVC pipe for perching and hiding (30-cm length, 2.5-cm diam.), and a strip of fiberglass screen for basking. We placed each cage beneath two ReptiSun 10.0 UVB bulbs (ZooMed, San Luis Obispo, CA) and housed all cages in a room set to maintain constant temperature (297C), relative humidity (65%), and photoperiod (12L∶12D during simulated winter, 13L∶11D during the breeding season). Three times per week we offered each male five to seven large (1/2-inch) crickets (Gryllus assimilis and Gryllodes sigillatus; Ghann's Cricket Farm, Augusta, GA) and each female three to five medium-sized (3/8-inch) crickets, dusted weekly with Fluker's Reptile Vitamin and Calcium supplements (Fluker's Cricket Farms, Port Allen, LA). We sprayed cage walls and potted plants twice daily with deionized water for drinking and to maintain a humid microenvironment.
For breeding, we introduced a female into the cage of a male and allowed the pair to mate ad lib. for 14 days before returning the female to her own cage. To generate paternal half-siblings, we repeated this procedure by introducing a second female into the cage of the same male 7 days after removal of the first female. Thereafter, we housed females in isolation and checked the potted plant in each female's cage once per week for new eggs. Anoles lay single eggs every 7-14 days and produce viable eggs from stored sperm for several months following a single mating (Cox and Calsbeek 2010a ), so we recreated each pairing every 4-6 months to prevent sperm limitation. In total, these pairings produced 429 male and 460 female offspring from 62 sires and 103 dams. We transplanted each new egg to an individual plastic container filled with moist vermiculite (1∶1 deionized water to vermiculite by mass) and then incubated these containers at 287C, 80% relative humidity, and a 12L∶12D photoperiod in a Percival Intellus 136VL. We checked containers twice daily for new hatchlings, which we immediately sexed (females exhibit a dorsal pattern that is absent in males), massed, assigned a toe clip for permanent identification, and housed individually in cages identical to those of adult females. We offered each hatchling 10-15 pinhead crickets daily (Acheta domestica, bred from adults from Fluker's Cricket Farms; dusted daily with Fluker's Reptile Vitamin and Calcium). At 3 months, we began offering each juvenile two or three small (1/4-inch) crickets (G. sigillatus) three times per week (dusted weekly). At 12 months, when the sexes had diverged in size and appetite, we began offering males five to seven large (1/2-inch) crickets and females three to five medium-sized (3/8-inch) crickets three times per week (dusted weekly). Although this sex-specific diet created a different growth environment for each sex, we carefully selected these regimens to approximate ad lib. feeding for both sexes despite differences in the absolute amount of food available to each, a practical necessity given the dramatically different growth trajectories and body sizes of A. sagrei males and females.
We measured body mass and collected radiographs for each captive-bred individual at 1, 3, 6, 9, 12, and 24 months posthatching. We made radiographs by placing each animal in a small plastic bag with pinholes for ventilation, cooling the animal for 10 min at 57C, and then arranging it in a standardized posture on radiograph film (Kodak Biomax XAR). We made exposures at 20-28 kV for 12 s in a Faxitron 43805N or MX-20 radiography system and developed film in an SRX-101A medical film processor (Konica Minolta, Tokyo). We scanned each radiograph to produce a digital image ( fig. 1A ) and used ImageJ software (Schneider et al. 2012) to measure the length of each animal from the tip of the rostrum to the intersection of the sacral and caudal vertebrae, which approximates snout-vent length (SVL). We tested for sex differences in body size at each age using general linear models with SVL or mass as a response variable, sex as a fixed effect, age (days posthatching) as a covariate, and sire and dam (nested within sire) as random effects to account for nonindependence of full and half-siblings. We tested for sex differences in growth using the rate of change in SVL (in millimeters per day) or mass (in grams per day) over each sampling interval as the dependent variable and SVL or mass at the beginning of each interval as a covariate, along with random effects of sire and dam (nested within sire).
Quantitative Genetics
We fitted bivariate animal models for the natural log of SVL and the natural log of mass separately at each age (1, 3, 6, 9, 12 , and 24 months) using ASReml 4.1 (Gilmour et al. 2015) , with male and female values treated as separate traits and age (days posthatching) as a covariate. Each model fitted additive genetic variances for each sex (V Am and V Af ) in addition to r mf . We also calculated the betweensex genetic covariance (B) using the equation
Models including an additional effect of dam (to estimate dominance or maternal effects) did not provide appreciably different results; therefore, to reduce model complexity, we did not include dam effects. We fitted a variety of reduced models with parameters constrained to 0 or 1. Reduced model 1 constrained V Am and r mf to 0, reduced model 2 constrained V Af and r mf to 0, reduced model 3 constrained r mf to 0, and reduced model 4 constrained r mf to 1. We used likelihood-ratio tests with one degree of freedom to assess the statistical significance of each genetic parameter, making r mf p 1). Sex-specific estimates of heritability (h 2 ) and their standard errors were calculated within ASReml, with statistical significance assessed using t-tests. We tested for ontogenetic patterns in V A , h 2 , B, and r mf using the Pearson correlations between each genetic parameter and age in months. As a complementary approach, we also estimated these same quantitative genetic parameters for linear growth rates in SVL (in millimeters per day) and mass (in grams per day) calculated between each measurement interval (1-3, 3-6, 6-9, 9-12, and 12-24 months). Finally, we analyzed the quantitative genetics of growth trajectories estimated across the entire ontogeny by fitting von Bertalanffy growth functions to size data from each individual using the equation
and then used estimates of asymptotic size (SVL ∞ ) and the characteristic growth rate (k) from these equations as traits (ln-transformed) in a multivariate animal model. We used exact age (in days) at each size measurement to calculate growth curves and excluded any individuals lacking size data at 1 or 24 months of age, those with fewer than four total size measurements across ontogeny, and 12 males with estimates of k ! 0:001, which indicated that growth was approximately linear across ontogeny and therefore yielded unrealistic estimates of SVL ∞ 1 90 mm. We used likelihoodratio approaches similar to those described above to assess statistical significance from these models. Data sets for quantitative genetic analyses are available in the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.n95k3 (Cox et al. 2016a ).
Testosterone Manipulation
We elevated testosterone in a subset of juvenile females that were 5 or 6 months of age, when sexual dimorphism was first starting to develop, using surgically implanted Silastic tubules containing 100 mg testosterone (methods are detailed elsewhere; Cox et al. 2015) . Plasma testosterone levels were weakly sexually dimorphic at this age, and implants significantly elevated testosterone levels of experimental females relative to control animals (receiving a sham surgery and empty implant) of each sex (Cox et al. 2015) , but these were well within normal physiological levels observed for maturing and adult males of this species (Cox et al. 2009a (Cox et al. , 2009b . Two months after this manipulation, we assessed gene expression from a subset of these females (n p 3) that we selected to match the age of juveniles included in our studies of sex bias (see below) and after confirming elevated testosterone levels in comparison to sham control males (n p 4) and females (n p 3) of similar age that were also sampled for gene expression. We have previously shown that testosterone induces male-like patterns of growth, energetics, and ornamentation in females of this age (Cox et al. 2015) .
Gene Expression
We assessed gene expression in a subset of animals (n p 4 per sex) at two time points: 7 months (hereafter, juveniles), when sexual dimorphism was first beginning to develop and decreases in r mf were not yet evident, and 14 months (hereafter, subadults), when sex differences in growth were maximal and r mf was declining rapidly ( fig. 1 ). We removed lizards from their cages and immediately euthanized them by decapitation, excised and weighed their livers, cut each liver into 1-mm 3 pieces, and transferred these pieces into RNAlater (Qiagen, Valencia, CA), storing them at 2807C until extraction of total RNA using TRIzol reagent (Invitrogen). We constructed Illumina mRNAseq multiplexed libraries using NEB Next RNAseq kits (New England Biolabs, Ipswich, MA). We quantified RNAseq libraries using an Agilent BioAnalyzer, pooled libraries in equal molar ratios, and sequenced this pool once on an Illumina MiSeq using 300-bp singleend reads and again on a single Illumina HiSeq 2500 lane using 100-bp paired-end reads.
We demultiplexed the Illumina RNA-seq reads by index and filtered and trimmed them using Trimmomatic v. 0.32 (Bolger et al. 2014 ) with default settings. We combined reads from different sequencing runs (MiSeq and HiSeq) for the same individual and mapped these reads to the complete annotated transcript set of the congener Anolis carolinensis (AnoCar 2.0; Ensembl release 75; Alfioldi et al. 2011 ) using the MEM algorithm of BWA (Li and Durbin 2009 ). We used BWA-MEM default parameters, except for a mismatch penalty of 2, a gap penalty of 3, and an alignment output threshold of 20. We analyzed gene expression by counting the number of reads that uniquely mapped to annotated transcripts using SAMtools ). We normalized the raw expression data using the TMM method in edgeR (Robinson et al. 2010 ) and used these normalized counts for all analyses.
Within each age class, we identified genes that were differentially expressed between sexes by conducting pairwise exact tests with a negative binomial distribution corrected for a false discovery rate ! 0:05 (Benjamini and Hochberg 1995) in edgeR (Robinson et al. 2010 ). For the subset of genes (n p 488) that these tests identified as differentially expressed between sexes, we visualized patterns of gene expression using the heatmap function in R. We also categorized all of the 15,915 genes that were actively transcribed in each sex into bins ranging from minor (!1.2-fold) to major (13-fold) sex biases in expression and then tested whether the distribution of genes in each bin was biased in favor of juveniles or subadults using x 2 tests. We characterized the responsiveness of gene expression to testosterone by conducting pairwise exact tests (as above) between juvenile females receiving blank versus testosterone implants, and we also calculated the log 2 fold difference in expression between these groups for each gene. We then tested whether the direction and magnitude of sex-biased expression in subadults predicted the direction and magnitude of responsiveness to testosterone in juvenile females across the entire set of expressed genes in the liver, across a subset of 466 genes that were significantly sex-biased in subadults, and for 102 genes specifically related to growth, energetics, and cell proliferation (described below). Comparing responsiveness to testosterone in juveniles to sex bias in subadults ensured statistical independence of all calculated fold changes because separate transcriptomes from different individuals were used to quantify dependent and independent variables.
To explore the functional basis of sex differences in gene expression, we used enrichment analyses to identify gene ontology (GO) groups (Ashburner et al. 2000) that were enriched for significantly sex-biased genes. We first used BioMart (Smedley et al. 2015) to translate Anolis Ensembl IDs to human Ensembl IDs, excluding any genes for which we could not identify orthologs. We then conducted GO enrichment analyses for sex-biased genes, using all genes that were expressed in the A. sagrei liver as the null background in WebGestalt (Zhang et al. 2005; Wang et al. 2013) , with hypergeometric statistical tests and a p 0:05 following correction for multiple comparisons (Benjamini and Hochberg 1995) . We used ingenuity pathway analysis (IPA; Qiagen) to identify canonical pathways that were significantly enriched for sex-biased genes and to predict the activation states of those pathways. We also used IPA to characterize pathways that were responsive to testosterone, with the caveat that our classification was based on significance at an uncorrected threshold of a p 0:05 due to the low number of genes (n p 28) that remained significantly responsive to testosterone after correction for the false discovery rate with only n p 3 females per treatment group.
As a more targeted approach for quantifying sex-biased expression of genes predicted to be important for growth and body size, we a priori selected three signaling pathways that regulate growth, energetics, and cell proliferation in vertebrates: the growth hormone/insulin-like growth factor (GH/IGF) network, the mechanistic target of rapamycin (mTOR) network, and the insulin-signaling network. We assembled these networks using WikiPathways (Kelder et al. 2011 ) and the KEGG database (Kanehisa and Goto 2000; Kanehisa et al. 2004) . Within each network, we treated each gene (n p 16 GH/IGF; n p 25 mTOR; n p 78 insulin) as an observation and used paired (by gene) Wilcoxon signedrank tests to determine whether the absolute value of the fold difference in expression between sexes differed between juveniles and subadults (excluding any genes for which mean expression was 0 for any group). We then compared the magnitude of the ontogenetic change in sex bias of growth genes to the baseline change observed across all genes expressed in the liver to determine whether any ontogenetic increases were particularly pronounced for growth genes. We also tested whether the direction of sex bias for these genes in subadults predicted their responsiveness to testosterone in juvenile females (log 2 fold change in expression) using Mann-Whitney tests. We tested for sex differences in expression at each age on a gene-by-gene basis for the subset of 16 genes in the GH/IGF network (under the a priori reasoning that these genes would be most directly related to growth and body size) by asking whether the uncorrected P values derived from pairwise exact tests with a negative binomial distribution in edgeR remained significant following Bonferroni correction for multiple comparisons (P ! :0031). Last, we compared patterns in expression in these GH/IGF genes among control females, females treated with testosterone, and control males to examine the extent to which testosterone induced maletypical patterns of expression.
Results
Development of Sexual Dimorphism
Sex differences in snout-vent length (SVL) and body mass were negligible at 1 and 3 months, but males grew more quickly than females over every subsequent interval such that males and females differed significantly in size by 6 months and at every age thereafter ( fig. 1; table 1) . Consequently, the magnitude of phenotypic sexual size dimorphism increased from effectively 0 at 1 month to 31% (SVL) and 172% (mass) by 24 months ( fig. 1) . Males exceeded females by 51% in asymptotic size estimated from growth trajectories (mean male SVL ∞ p 63:8; mean female SVL ∞ p 42:3; F p 1, 725; P ! :0001), whereas females had growth parameters nearly twice as large (mean male k p 0:0024; mean female k p 0:0046; F p 795; P ! :0001), indicating that females approached SVL ∞ earlier in ontogeny than did males, whereas growth trajectories were relatively more linear and less asymptotic in males.
Developmental Breakdown of Between-Sex Genetic Correlations
Between-sex genetic correlations (r mf ) for SVL and body mass were initially high (equal to 1 in all but one case) from 1 to 9 months but had declined sharply by 12 months and had reached values that were significantly lower than 1 by 24 months (table 2; fig. 1 ). This decline in r mf with age was statistically significant for both SVL and mass (table 3) and was driven by two factors. First, between-sex genetic covariance (B) decreased with age (tables 2, 3). Because the between-sex genetic correlation is defined as
this decrease in the numerator reduced r mf over ontogeny. This decrease in B was significant for SVL but not for mass (table 3) . Second, although additive genetic variances for SVL and mass were generally significant and uniform across ontogeny in females (V Af ), additive genetic variances in males (V Am ) were initially low but increased substantially as ontogeny progressed (tables 2, 3). Appreciable V Am for SVL and mass began to emerge at 12 months, and by 24 months heritability (h 2 ) estimates for SVL and mass were similar in both sexes (table 2) . This increase in V Am (table 3) caused an increase in the denominator of r mf and a corresponding decrease in the absolute value of r mf . Likewise, V Af and h 2 for growth rates in females were low and constant across ontogeny, whereas V Am and h 2 for growth rates in males were low before 9 months but increased thereafter and eventually became significant in adult males between 12 and 24 months (table A1; tables A1-A7 are available online). Asymptotic size (SVL ∞ ) was significantly heritable in males and females and exhibited a moderate r mf that was not significantly different from 0 (table 4). The growth parameter k describing the shape of the trajectory was heritable and genetically correlated with SVL ∞ in males, but it was not heritable in females, and due in part to low V Af , it exhibited a moderately high r mf that was not significantly different from 0 (table 4).
Developmental Increases in Sex-Biased Gene Expression
A total of 488 genes exhibited significantly sex-biased expression, comprising 3.1% of the 15,915 genes that were expressed in the liver transcriptomes of both sexes. Only 15 of these 488 differentially expressed genes map to the X chromosome in Anolis carolinensis, such that X-linked genes were only slightly (and not significantly) more likely than autosomal genes to exhibit sex-biased expression (x 2 p 2:92; P p :087) relative to the abundance of each in the genome. There was a sharp ontogenetic increase from 25 sexbiased genes in juveniles (13 female biased, 12 male biased; fig. 2A ) to 466 sex-biased genes in subadults (177 female biased, 289 male biased; fig. 2B ). Male-biased genes thus significantly outnumbered female-biased genes in subadults (x 2 p 26:92; P ! :0001). Heat maps for these subsets of sexbiased genes emphasize the stark nature of this ontogenetic increase in sex bias ( fig. 2C, 2D ). Relative to juveniles, subadults had fewer genes with minor (!1.2-fold) sex differences in expression (x 2 p 174:07; P ! :0001), about the same number of genes with moderate (1.2-to 1.5-fold) sex differences in expression (x 2 p 0:48; P p :49, and more genes with larger sex differences of 1.5-to 2-fold (x 2 p 56:99; P ! :0001), 2-to 3-fold (x 2 p 126:63; P ! :0001), and 13-fold (x 2 p 106:83; P ! :0001; fig. 2E ). The direction and degree of sex-biased expression in juveniles (log 2 fold difference) was weakly positively correlated with that in subadults when assessed across all 15,915 genes that were expressed in both sexes (r p 0:101; P ! :0001) or across Note: Effects of sex are reported from models with actual age (days since hatching, for analyses of SVL and mass) or initial body size (SVL or mass, for analyses of growth rates) as covariates and random effects of sire and dam (nested within sire), which are not shown here. Degrees of freedom in the numerator and estimated degrees of freedom in the denominator are shown for tests of the sex effect. SVL p snout-vent length. 488 genes with sex-biased expression at either age (r p 0:273; P ! :0001).
Functional Enrichment of Sex-Biased Genes
Analyses using GO terms revealed significant enrichment for sex-biased genes in pathways related to metabolism (e.g., GO term p metabolic process; n p 309 sex-biased genes; P p :0026) and digestion (e.g., GO term p digestion; n p 18 sex-biased genes; P ! :0001; table A2). IPA analysis indicated sex-biased enrichment and activation of mTOR signaling ( fig. A1 , available online), a pathway that we identified a priori as a focal network for regulation of growth (see below). Pathways with less obvious relevance to growth and body size that were also enriched for sex-biased genes are presented in table A2.
Sex-Biased Expression of Growth-Regulatory Genes
The three gene networks that we selected a priori for their roles in growth, metabolism, and cell proliferation (tables A3-A5) each exhibited significant ontogenetic increases in the magnitude of sex-biased expression: the growth hormone/ insulin-like growth factor (GH/IGF) network (Wilcoxon: S p 49:5; n p 16; P ! :001; fig. 3B ), the mechanistic target of rapamycin (mTOR) network (S p 94:0; n p 25; P ! :005; fig. 3C ), and the insulin-signaling network (S p 383:5; n p 78; P p :038; fig. 3D ). The magnitude of these ontogenetic increases in sex-biased expression for the GH/IGF and mTOR networks exceeded the overall trend across all genes in the liver, whereas the increase in sex-biased expression of the insulin-signaling network was similar to that observed across all genes ( fig. 3B-3D ). Combining these three interrelated networks revealed a highly significant ontogenetic increase in the sex-biased expression of 101 genes related to growth, metabolism, and cell proliferation (S p 1,028:5; P ! :0001). All genes in these pathways map to autosomes in A. carolinensis. Analysis of individual genes in the GH/ IGF network corroborated this pattern. In juveniles, only one of 16 GH/IGF genes were sex-biased at an uncorrected threshold of P ! :05 and none were significant after Bonferroni correction (adjusted threshold: P ! :0031; table A6). Ontogenetic increases in sex-biased gene expression. A, B, Mean expression (counts per million) in females versus that in males (log 2 scales) for each of 13,191 expressed genes in juveniles (A) and 12,688 expressed genes in subadults (B; excluding 6,132 and 6,645 genes with expression below 2 0 p 1 cpm in juveniles and subadults, respectively). Genes with significantly sex-biased expression (pairwise exact tests correcting for false discovery) are indicated in red (female biased) or blue (male biased). C, D, Heat maps illustrating expression patterns for these 488 sex-biased genes. Rows correspond to genes, and columns correspond to individuals. Rows are ranked by the mean sex difference in expression in juveniles (top, illustrating 25 genes from A) or subadults (bottom, illustrating 466 genes from B). E, Distribution of transcriptome-wide sex bias in expression across 15,915 genes binned into five classes based on mean fold difference in expression. Asterisks indicate significant (P ! :0001) differences between juveniles and subadults in the number of genes in each bin based on x 2 tests.
In subadults, six of 14 expressed GH/IGF genes were sex biased at an uncorrected P ! :05, and three remained significant after Bonferroni correction: sex hormone-binding globulin ( fig. 3E ), insulin-like growth factor 1 ( fig. 3F) , and insulin-like growth factor 2 ( fig. 3G ).
Response to Testosterone
Treatment of juvenile females with testosterone tended to increase the expression of genes that were significantly male biased in subadults and to decrease the expression of genes that were significantly female biased (Mann-Whitney U p 13,920; P ! :0001; fig. 4A ). These changes were comparable to natural sex differences between juvenile females and control males ( fig. 4A) , and analogous effects of testosterone were also observed across the entire liver transcriptome ( fig. 4B ).
Responsiveness to testosterone in juvenile females differed significantly across six categories ranging from high to low male-or female-biased expression in subadults (KruskalWallis K p 239:5; P ! :0001), and the log 2 fold change in response to testosterone in juvenile females explained a low but highly significant proportion of the variance in log 2 fold difference between subadult males and females (r 2 p 0:06; P ! :0001). For genes in the GH/IGF, mTOR, and insulin-signaling pathways, the direction of sex-biased expression in juveniles was similar to that in subadults ( fig. 5A) , and testosterone tended to increase the expression of malebiased genes while decreasing the expression of female-biased genes (Mann-Whitney U p 924; P p :025; fig. 5B ). This pattern is illustrated on a gene-by-gene basis using male-biased Figure 3 : A, Simplified schematic of components in the growth hormone/insulin-like growth factor (GH/IGF) pathway and downstream hepatic networks influencing growth, metabolism, and cell proliferation. B-D, Median (5interquartile range) fold differences in gene expression between sexes at two ages, shown separately for three gene networks: the GH/IGF network (B), the mTOR network (C), and the insulinsignaling network (D). Asterisks indicate significant increases in the sex-biased expression of each individual network with age, and gray symbols illustrate the corresponding ontogenetic pattern for all liver genes. E-G, Box-and-whisker plots illustrating the median (line), 25%-75% interquartile (box), and range (whiskers) of expression for three upstream genes in the GH/IGF network: sex hormone-binding globulin (E), insulin-like growth factor 1 (F), and insulin-like growth factor 2 (G). Asterisks indicate significant (P ! :05) sex differences in expression at each age.
genes for several growth factors and their receptors and binding proteins located upstream in the GH/IGF pathway ( fig. 5C-5H ). IPA enrichment analyses also identified growth hormone signaling as one of the top pathways activated by testosterone (10 of 81 genes significantly responsive to testosterone; P p :0003; table A7).
Data Availability. Illumina RNAseq reads are accessioned at the National Center for Biotechnology Information Short Read Archive (SRX2253414-SRX22534570). Phenotype and pedigree data, as well as short read accession numbers and normalized gene expression matrixes, are accessioned at the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.n95k3 (Cox et al. 2016a ).
Discussion
We found that the development of extreme sexual size dimorphism in Anolis sagrei was accompanied by the breakdown of r mf for body size as well as a corresponding increase in the sex-biased expression of shared genes in the liver. This increase was particularly pronounced for autosomal genes involved in growth, metabolism, and cell proliferation, strengthening the inference that these regulatory changes are causally related to both the phenotypic development of sexual size dimorphism and the erosion of r mf for body size and growth rate. Moreover, this breakdown of r mf was underlain by a pronounced ontogenetic increase in sex-specific additive genetic variance within males, and patterns of sexbiased gene expression were experimentally inducible by testosterone in females. Collectively, these results suggest that the development of sexual size dimorphism and associated breakdown of r mf may be due in large part to changes in the sex-specific expression of autosomal genes that are ultimately mediated by maturational increases in testosterone levels of males, though further studies are required to causally link patterns of sex-biased and testosterone-mediated gene expression to r mf . The fact that sexual dimorphism in captivity (31% in length, 172% in mass) was similar to levels observed in the wild (32% in length, 153% in mass; Cox et al. 2009a; Cox and Calsbeek 2010b) suggests that our estimates of r mf provide reasonable approximations of natural patterns. Our estimates are also consistent with a previous study of A. sagrei that reported a low r mf for body size using parent-offspring regression (Calsbeek and Bonneaud 2008) . Our results provide the most detailed characterization to date of how r mf and its constituent genetic variances and covariances change over ontogeny, as well as the first explicit demonstration of how these developmental changes in genetic architecture occur alongside genome-wide increases in sex-biased gene expression, many of which are also experimentally inducible by testosterone.
The developmental breakdown of r mf appears to be a general feature of sexually dimorphic traits in a variety of taxa (Poissant and Coltman 2009) , though r mf can remain high throughout ontogeny for traits that nonetheless develop pronounced sexual dimorphism (Parker and Garant 2005) . Figure 4 : A, Mean (5SEM) log 2 fold differences in expression between juvenile female controls and juvenile females treated with testosterone (left) or juvenile male controls (right) for 466 genes with significantly sex-biased expression in subadults (see fig. 2 ). Asterisks indicate significant (double: P ! :0001) differences between male-and female-biased genes based on Mann-Whitney tests. B, Mean (5SEM) responsiveness to testosterone in juvenile females (log 2 fold difference between controls and females treated with testosterone) of all expressed genes in the liver, binned into categories corresponding to the magnitude of their sex-biased expression in subadults. Numbers above and below bars indicate the number of genes in each category. Asterisks indicate significant (single: P ! :05; double: P ! :0001) differences from 0 within each category based on Wilcoxon signed-rank tests.
Theoretically, this could occur via the fixation of alleles that are (or will become) entirely sex limited (i.e., inherited or expressed in only one sex) such that they contribute to phenotypic sexual dimorphism without contributing to standing genetic variation in either sex. Our finding that between-sex genetic covariance (B) for body size decreased over ontogeny is consistent with the interpretation that many of the same autosomal genes initially contribute to genetic variation for body size in similar ways in each sex, but these shared genes become increasingly sex specific in their translation into phenotypes as ontogeny progresses. We also found that additive genetic variance for (and heritability of) growth and body size increased over ontogeny (table 3) . This pattern was particularly pronounced for males, suggesting that the developmental increases in sex-biased gene expression that we observed, which were also highly skewed in favor of malebiased genes ( fig. 2B) , may facilitate the expression of sexspecific additive genetic variance. Fisher (1958) proposed a similar model for the ontogenetic emergence of sex-specific genetic variance, implicating maturational changes in "internal secretions of the sexual glands" as a potential mechanism (Poissant and Coltman 2009 ). Fisher's view and our data are both consistent with known activational effects of testosterone on growth, body size, and other sexually dimorphic traits in A. sagrei (Cox et al. 2009a (Cox et al. , 2009b (Cox et al. , 2015 . Our transcriptome data provide a first step toward linking these phenotypic and quantitative genetic perspectives by characterizing the changes in gene expression that accompany this emergence of sex-specific genetic variance and demonstrating their responsiveness to testosterone.
We identified 3.1% of transcribed genes in the liver as significantly sex biased in their expression, with the vast majority of these genes encoded on autosomes and biased in subadults rather than in juveniles ( fig. 2) . Even when we variably excluded each of the four female replicates from our comparison of subadults (to match the sampling design Figure 5 : A, Mean (5SEM) log 2 fold differences in expression between juvenile males and females for all 100 genes in the GH/IGF, mTOR, and insulin-signaling pathways that could be categorized by their direction of sex-biased expression in subadults (one gene had equivalent expression in subadult males and females and was therefore excluded). B, Mean (5SEM) log 2 fold differences in expression between control females and juvenile females treated with testosterone for these same 100 genes. C-H, Mean (5SEM) expression of male-biased GH/IGF genes encoding endocrine growth factors, their receptors, and their binding proteins. For these genes, testosterone induced levels of gene expression in juvenile females that matched or exceeded those of juvenile males. in our comparison of juveniles; fig. 2 ), we still detected between 324 and 450 significantly sex-biased genes in subadults, which is more than an order of magnitude greater than in juveniles. We observed a similar pattern when disregarding statistical significance and simply characterizing each gene by its fold difference in expression between the sexes (fig 2E) . Relative to juveniles, subadults had significantly fewer genes with minor sex bias (!1.2-fold difference) and significantly more genes with major sex bias (11.5-fold difference). This is not to imply that the liver transcriptome was sexually monomorphic in juveniles. Instead, roughly a quarter of all expressed genes differed by more than 1.5-fold in expression between juvenile males and females ( fig. 2E ), which agrees with the observation that sexual divergence in body size and growth was becoming evident just prior to the age at which we first characterized gene expression ( fig. 1 ). However, sex differences in gene expression became increasingly pronounced as the sexes became increasingly dimorphic in body size and quantitative-genetic architecture. This ontogenetic increase in sex-biased expression was highly skewed in favor of male-biased genes ( fig. 2 ), potentially reflecting their hormonal activation during maturational shifts toward adult male phenotypes, which are highly differentiated from those of juveniles and females. An excess of male-biased (relative to female-biased) genes has also been observed in adults of other species (Peterson et al. 2014) , though this trend can vary or reverse across tissues (Yang et al. 2006; Xia et al. 2007 ) and over ontogeny (Mank et al. 2010; Magnusson et al. 2011; Perry et al. 2014) .
Our estimate of 3.1% of hepatic genes exhibiting sexbiased expression falls near the low end of variation observed across other studies (reviewed by Ingleby et al. 2015) , with estimates ranging from 2% or fewer sex-biased genes in adult marine snails (Martinez-Fernandez et al. 2010) , adult zebra fish brains (Santos et al. 2008) , and various tissues from larval and pupal silkworms (Xia et al. 2007 ) to 90% or more in adult fruit flies (Wayne et al. 2007; Ayroles et al. 2009; Innocenti and Morrow 2010) . Presumably, our estimate is conservative due to the lower statistical power associated with three or four individual replicates per sex and age class, though similar replication is typical in transcriptomic surveys of sex bias (Ingleby et al. 2015) . At the opposite end of the spectrum, microarray data from an atypically large sample of mice (n p 169 females; n p 165 males) provided 190% power to detect 5% differences in mean expression between sexes, resulting in estimates ranging from several hundred (brain) to several thousand sex-biased genes (liver, adipose, muscle), with a range of 13% (brain) to 72% (liver) of expressed genes exhibiting a significant sex bias (Yang et al. 2006) . However, the majority of these sex-biased genes in mice (71%-94% across tissues) displayed !1.2-fold sex differences in expression (Yang et al. 2006) , whereas all of the genes that we identified as sex biased in anoles displayed 11.7-fold sex differences in expression. Though the true percentage of sex-biased genes in the A. sagrei liver probably exceeds 3.1%, our approach has the advantage of highlighting large transcriptional biases that may have greater influence on the phenotypic development of sexual dimorphism and the associated breakdown of r mf for body size.
Three regulatory networks that should be particularly relevant to growth and body size are the GH/IGF, mTOR, and insulin-signaling networks, each of which exhibited an increase in sex-biased expression from juveniles to subadults ( fig. 3A-3C ). The GH/IGF pathway has long been the focus of research on vertebrate growth (Duan and Xu 2005; Sparkman et al. 2010; McGaugh et al. 2015) , and ontogenetic increases in sex-biased expression were particularly pronounced for insulin-like growth factors (IGFs) due to their upregulation in subadult males ( fig. 3E, 3F ). IGF-1 is a potent promoter of growth in vertebrates, and increased levels of plasma IGF-1 and hepatic IGF-1 expression are associated with rapid growth and large body size in reptiles (Sparkman et al. 2009 (Sparkman et al. , 2010 Duncan et al. 2015) . Although IGF-2 is viewed as a specialized regulator of prenatal growth in mammals, patterns of IGF-2 expression and sequence evolution in reptiles suggest that IGF-2 may have a more general role in promoting growth across ontogeny in this group (McGaugh et al. 2015) , consistent with our data.
In contrast to the IGFs, sex hormone-binding globulin (SHBG) was strongly downregulated in subadult males ( fig. 3D) , consistent with the mammalian paradigm in which SHBG (which binds and mediates the activity of sex steroids) is stimulated by estrogens but inhibited by androgens. Expression of SHBG was also strongly inhibited by testosterone in our experiment (t p 4:8; P p :009). The natural suppression of SHBG expression in subadult males thus implies that the increasingly dimorphic expression of growth-regulatory genes may be due in part to maturational changes in circulating androgens (Cox et al. 2009a (Cox et al. , 2015 . Our experimental results directly support this hypothesis by showing that male-biased genes for IGFs and their binding proteins and receptors can be stimulated by treatment of females with exogenous testosterone ( fig. 5 ). Viewed alongside similar ontogenetic increases in the sex-specific regulation of mTOR and insulin-signaling networks ( fig. 3 ), which interact with GH/ IGF signaling to influence growth, metabolism, and cell proliferation (McGaugh et al. 2015) , these functional links to known growth-regulatory pathways suggest that hormonally mediated shifts in sex-biased gene expression may contribute to both the phenotypic expression of sexual size dimorphism and the developmental breakdown of r mf for body size. The broad congruence between sex-biased expression and responsiveness to testosterone that we observed is similar to expression patterns found in mice, where treatment of females with exogenous androgens induces natural patterns of sex-biased gene expression (Yang et al. 2006; van Nas et al. 
